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The photoacoustic signal of a narrow-gap semiconductor and of Si is investigated as a function of
the modulation frequency through the use of a heat-transmission configuration. It is shown that in
the thermally thick modulation-frequency range the signal amplitude can single out the different
heating sources responsible for the photoacoustic signal. It is also shown that from the signal phase
data, as a function of the modulation frequency, we can obtain the values of the surface recombina-
tion velocity and the nonradiative band-to-band recombination time.
I. INTRODUCTION
The photoacoustic (PA) and related photothermal
techniques has proved to be a valuable tool in the semi-
conductor research field. This is demonstrated by the in-
creasing number of publications' in this area in the last
ten years. For a review on the subject of photoacoustics
we refer to the work of Ref. 8 whereas for a comprehen-
sive discussion on the PA applications to semiconductor
research we refer to the book by Mandelis.
The PA signal is directly related to the amount of light
absorbed by the sample and converted into heat through
nonradiative deexcitation processes. In the case of semi-
conductors, the heat source resulting from the absorption
of light depends not only on the optical properties of the
sample itself but also on their transport (e.g., carrier life-
time, diffusion length, surface recombination velocity)
and nonradiative state properties. Physically, this may be
seen as follows. The absorption of light generates excess
carrier distribution in the sample. These excess carriers
diffuse through the sample and reestablish equilibrium by
disposing of the energy in excess both by emitting radia-
tion and by generation of heat. The PA technique
responds only to the fraction of this energy that is con-
verted into heat. The heat generated in this process of
reestablishing equilibrium is essentially due to intraband
transitions in the bulk, nonradiative intraband transi-
tions, and nonradiative surface recombinations. Apart
from this, the PA effect in semiconductors is also sensi-
tive to the presence of nonradiative states near the sur-
face of the sample as demonstrated by several authors.
The infIuence of the carrier lifetime, diffusion coe%cient,
and nonradiative transitions in the PA signal of semicon-
ductors was first demonstrated by Ghizoni and co-
workers and by Mikoshiba et al. in the case of
piezoelectric detection.
In this paper we investigate the PA signal of a narrow-
gap semiconductor such as PbTe and of Si and show that
by recording both the PA signal amplitude and phase, as
a function of the modulation frequency, one can readily
obtain the non radiative carrier lifetime and surface
recombination velocity. These physical parameters are
usually obtained from photoconductivity measure-
ments. ' However, for narrow-gap semiconductors, due
to the large carrier concentration at room temperature,
the photoconductivity measurements lead to no informa-
tion on these parameters. The PA technique is shown to
be an alternative simple method for measuring these pa-
rameters at room temperature.
II. EXPERIMENTAL RESULTS
The experiments were performed using either the so-
called open-photoacoustic cell"' (OPC) or the conven-
tional PA transmission cell. ' The OPC apparatus is
schematically shown in Fig. 1(a). The light source con-
sists of a 250-W % lamp, which after being mechanically
chopped is focused onto the sample. To ensure no
effective dc heating of the samples and that all the light
absorption is taking place at the rear surface of the sam-
ples, the white light was filtered for wavelengths greater
than 800 nm using a heat filter. The samples were
mounted directly onto the front sound inlet of an electret
microphone (EM-60 from Primo Co.). The sound inlet is
a circular hole of 3 mm diameter, and the front micro-
phone air chamber adjacent to the metallized face of the
diaphragm is a cylinder 7 mm in diameter and roughly 1
mm long. The conventional PA transmission measure-
ments' were performed in a brass cell in which a
quarter-inch condenser microphone (Briiel and Kjaer) is
mounted in one of its walls. The samples were fIush
against the back wall of the cell which has a 4-mm-diam
hole allowing the PA transmission measurements to be
carried out, as shown in Fig. 1(b).
The samples used in our measurements were p-type
(100) single crystals of PbTe and Si. The PbTe sample
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FIG. 1. (a) Experimental arrangement used in the OPC mea-
surements, and (b) in the conventional PA transmission
configuration.
TABLE I. Electrical and transport properties of p-type PbTe
and Si samples, as obtained from the Hall measurements.
was grown by the vapor-melt-solid method, as discussed
in Refs. 14—16. The room-temperature measured values
of the relevant transport and electrical properties of the
samples are listed in Table I. The carrier di6'usion
coefticient D was calculated from the Hall mobility mea-
surements, using the Einstein relation, namely,
D =pks T/e. To investigate the infiuence of the surface
recombination velocity on the PA signal, the sample sur-
face in contact with the air of the PA chamber had
different finishings, whereas the (back)heating surface al-
ways had the same finish. One finish, the so-called pol-
ished surface (PS), was a mirrorlike etching. In the case
of the PbTe sample the polished surface finish was ob-
tained by a sequence of mechanical polishing using A1203
powder of different meshes (9, 5, and 2 pm) followed by a
chemical etching using an iodine-methanol solution. The
Si sample was already mirrorlike polished from the
manufacturers. The roughened surface (RS) finish was
obtained by simply polishing the sample surface with 9-
pm-mesh Alz03 powder. The (back)heating surface of
both samples always had a roughened finish. In what fol-
lows, we shall denote simply by RS and PS the samples
for which the surface in contact with the air of the PA
chamber is roughened and polished, respectively.
In Figs. 2 and 3 we show the OPC signal amplitude of
the PbTe sample as a function of the modulation frequen-
cy for the case of a 298-pm-thick RS sample and a 320-
pm-thick PS sample, respectively, whereas in Fig. 4 we
show the PA signal amplitude for a 390-pm-thick PS Si
sample illuminated by a 150-mW Ar+ laser, using the
conventional PA transmission configuration. The solid
lines in all these figures represent the best fit to the data,
either a power law, f ', or an exponential law of the
form exp( a&f )—. This fitting procedure ledf, or the
case of the RS PbTe sample shown in Fig. 2, to the fol-
lowing results. Between 50 and 70 Hz the signal ampli-
tude data is best fitted by an exponential law [namely,
s-exp( a&f )]—, whereas between 80 and 120 Hz the
signal varies as f ', and, finally, between 135 and 200
Hz the PA signal behaves as f . For the case of the
PS PbTe sample shown in Fig. 3, the PA signal is best
fitted in the 50 to 70 Hz region by an exponential law too;
between 70 and 105 Hz the signal varies as f ', and
from 120 to 200 Hz it is best fitted by a power law of the
form f . In contrast, the data for the PS Si sample is
best fitted, in the whole frequency range of our measure-
ments, by a power law of the form f ' . Using the
values of the thermal diffusivity of PbTe (i.e., a=0.015
cm /s) and of Si (i.e., a=1.06 cm /s) we find that the
threshold modulation frequencies for the transition into
the thermally thick regime for our samples are 5.4 Hz for
the RS PbTe sample, 4.7 Hz for the PS PbTe sample, and
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FIG. 2. OPC signal amplitude for the 298-pm-thick
roughened surface PbTe sample as a function of the modulation
frequency.
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FIG. 3. OPC signal amplitude for the 320-pm-thick polished
surface PbTe sample as a function of the modulation frequency.
222 Hz for the Si sample. Thus, in the 50 to 200 Hz
modulation-frequency range of our measurements, the
PbTe samples are both deep into the thermally thick re-
gime, whereas the Si sample is in the thermally thick re-
girne above roughly 220 Hz. The simple thermal
diffusion model with an instantaneous heat source of
Rosencwaig and Gersho' (RG) predicts that, for a
thermally thick sample, the PA signal iri the transmission
configuration should vary exponentially as exp( —a&f ),
where a=l(m/a)', l is the sample thickness, and a is
the thermal diffusivity. The data for the thermally thick
PbTe samples shown in Figs. 2 and 3 exhibited this ex-
ponential behavior only up to roughly 70 Hz.
To decide whether the exponential behavior was the
best fit to the data, we have compared it with the power-
law fitting, and looked at which one yielded the smallest
error. For example, for the RS PbTe sample the error in
the exponential fitting was 0.32%, whereas the power-law
fitting yielded an error of 1.8%. In fact, using the values
of the parameter a, obtained from the data fitting for
each PbTe sample, namely, 0=0.415 and a=0.48 for the
RS and PS samples, respectively, we have estimated their
thermal diffusivity to be a=0.016 and 0.014 cm /s, re-
spectively. These values are in very close agreement with
the literature value of PbTe, namely, a=0.015 cm /s,
thereby confirming that the exponential law is the best fit
to the data in this frequency region. Above 80 Hz, how-
ever, both samples exhibited a power-law dependence on
the modulation frequency, indicating that, deep into the
thermally thick regime, the PA signal is not described by
the thermal diffusion model with an instantaneous heat
source. For the Si sample, even in the beginning of the
thermally thick regime, the PA signal did not exhibit the
exponential behavior, as shown in Fig. 4. The under-
standing of this power-law behavior of the PA signal in
the thermally thick regime is the problem to which we
address ourselves in the following.
FIG. 4. PA signal amplitude for the 390-pm-thick polished
surface Si sample, illuminated by a 150-mW Ar+ laser, as a
function of the modulation frequency, using the conventional
PA cell.
III. DISCUSSIQN
Consider the PA cell geometry for the heat-
transmission configuration shown schematically in Fig. 5.
According to the thermal-piston model of RG, ' the pres-
sure fluctuation 5I' in the gas region, due to the periodic
heating of the sample, is given by
P Q~5P= ej ' (1)
OI
where Po (To) is the ambient pressure (temperature), lg is
the length of the gas chamber, erg =(1+j)as,
ag =(n f/ag )' is the thermal difFusion coefficient in the
gas with thermal diffusivity e, and 0 is the sample tem-
perature fluctuation at the x=0 sample-gas interface.
The temperature fluctuation is obtained from the solution
to the thermal diffusion equation, namely,
d T 1 BT Q(xt)
Bx a, Bt k,
INC IDENT
RADIATION
x=o
FIG. 5. PA cell geometry for the heat-transmission
configuration.
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where P is the optical absorption coefficient for photons
of energy h v, incident at the x = l, surface with an inten-
sity of Ip W/cm . (ii) Nonradiative bulk recombination.
This process is due to the excess electron-hole pairs
recombination after diffusing a distance (Dr)'~, where D
is the carrier diffusion coe5cient, and ~ is the band-to-
band recombination time. The heat power density QNRR
for this process is
where a, (k, ) is the sample thermal diffusivity (conduc-
tivity), and Q(x, t ) is the heat power density generated in
the sample due to the absorption of light. In the case of
semiconductors, a proper description of the sample heat-
ing should take into account the spatial and temporal
dispersion effects due to carrier diffusion, as follows. The
absorption of photons with energy greater than the gap
energy E creates electron-hole pairs. These carriers
diffuse through the sample and recombine nonradiatively
both in the bulk and at the surface, thereby generating
the thermal wave. Thus, the thermal power density
Q(x, t) may be regarded as due to the following three
different processes. ' (i) An instantaneous intraband non-
radiative thermalization with energy greater than E .
This process, due to the electron-phonon collisions within
the conduction band, occurs on a time scale of ns and
may be assumed instantaneous in the typical range of
modulation frequencies of photoacoustics. The heat
power density due to this process, denoted by QD, is then
where n(x, t) is the density of photoexcited excess car-
riers. (iii) Nonradiative surface recombination. The heat
power density QsR due to the nonradiative carrier recom-
bination at the sample surface is written as
QsR=E [v5(x)+up5(x+l, )]n(x, t),
where U is the carrier surface recombination velocity at
the back (heating) surface, and u is the surface recom-
bination velocity at the sample-gas interface at x =0.
It follows from the above that the solution to Eq. (2)
depends explicitly on n(x, t), which, in turn, obeys the
carrier diffusion equation, namely,
Bn n n - p lW~+&,2 l
dt (jx 1 A v
—vpn( l„t)—5( x+1, ) . (6)
O=OD+-™NRR+OSR
~
(7)
For the case of short-wavelength incident radiation, as in
the case of our experiments, we may assume that all the
incident radiation is being absorbed at the x = —)), sur-
face; this corresponds to formally replacing the term
'P~x+l, )
PIpe ' by Ip(x+l, ) in Eqs. (3) and (6). Making this
assumption and neglecting the heat fiux into the sur-
rounding gas, the solution to the coupled equations (2)
and (6) leads to the following expression for the sample
temperature Quctuation at x =0:
QNRR = (4) where
2(e —1)Ip0D l, o, —l, a,k, cr, (e ' ' —e ' ')
2eIO O.,F
H
k, a, Dye(o, y)—
2eIOE,
OSR
k, cr, (e ' * —e * *)Dy
1+ (e ' '+e ' ')+ bp(l r)e *—+cp(1+r)e
Dr(cr, y)— U
(8a)
(8b)
(8c)
where cr, =(1+j)a„a,= (mf /a, )' is the thermal
diffusion coefficient of the sample, y = ( 1/D r ) ' ( 1
+j d'or)' is the carrier diffusion coefficient, e=E&/h v,
r =v /Dy, rp =up/Dy, and
b =1+ , c =1-
vpr(cr, —y )
'
upr(cr, —y )
(9a)
1
(1+rp)(1+r )er' —(1 r)(1 rp)e— — (9b)
The neglect of the heat Aux into the surrounding gas, as
implied in Eqs. (7)—(9), is justified by the fact that the air
thermal conductivity is much smaller than that of most
materials. This is a widely used approximation in the
photothermal theories and corresponds to neglecting the
factor g=(ks/k, )(a, /as)' of the RG model' as com-
pared to 1. In fact, for PbTe and Si, g is equal to
3.74X 10 and 3.6X 10, respectively, which are negli-
gible as compared to 1. For ~& 100 ps, as is usually the
case for most semiconductors at room temperature, and
for modulation frequencies smaller than 500 Hz, the
product co~ is much smaller than unity so that we may
approximate y as y =(Dr) ' Under these c.onditions
the parameters r, ro, and F become all real constants in-
dependent of the modulation frequency. Furthermore, in
the case of thermally thick samples (i.e., l,s, ))1), which
corresponds to the experimental situation dealt with in
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this paper, the terms involving exp(l, o, ) are the dom-
inant ones in Eqs. (8a) and (8c). Using these approxima-
tions in Eqs. (7) and (8), the pressure fiuctuation in the
PA cell for a thermally thick sample reduces to
where
(aD /U )(ror,a+ 1)
tan(b. P) = (aD /U )(1—niv;ir) —1 (—co~,ff) (13)
eioPOP=
Tolg o g ks o's
6—1 —I crS S
s 1 +USFo.
Dye o~ —y2 o,
(10)
2eIOP0I' 1 v~P= +
Tolgk Dpvog o y os
Performing some straightforward but tedious and com-
plex algebra we can show that the phase angle P of the
PA signal given by Eq. (11)is
(12)
The first term in Eq. (10), scaling exponentiall with the
modulation frequency as (1/f )exp( —a f ), where
a =l, (rr/a, )', is the usual thermal diffusion contribu-
tion from an instantaneous heat source, as described by
the RG model. The second term in the 1arge square
brackets of Eq. (10), which in the high-frequency regime,
such that cr, &y, scales as f ', is the contribution
from the nonradiative bulk recombination. Finally, the
last term in Eq. (10) varying as f ' is the contribution
from the nonradiative surface recombination. Thus, the
overall modulation-frequency dependence of the PA sig-
na1 for a thermally thick semiconductor in the heat-
transmission configuration is such that it initially varies
exponentially as exp( av'f ), as i—n the usual case of an
instantaneous heat source. As we move deep into the
thermally thick regime, the instantaneous heat source
weakens exponentially and the PA signal becomes dom-
inant by the nonradiative (slow) bulk and surface recom-
bination processes. In this regime, the PA signa1 varies
as f ', due to the bulk nonradiative recombination pro-
cesses, and at higher modulation frequency it scales asf ', due to the surface recombination contribution.
The above discussion seems to explain the observed PA
signal modulation-frequency dependence for both PbTe
and Si samples shown in Figs. 2—4. In particular, the
three different modulation-frequency dependences, pre-
dicted for the PA signal of a thermally thick sample, are
clearly shown in Figs. 2 and 3 for the case of PbTe. In
the case of the Si sample in the thermally thick region,
the PA signal remained with the f ' dependence exhib-
iting no f ' behavior. We attribute this to the fact that
the Si sample had a quite small surface recombination ve-
locity. In fact, even for a RS Si sample we did not ob-
serve the f ' behavior in the frequency range of our
measurements.
Finally, we have attempted to use the above model to
obtain the values of v and ~ from our PA transmission
data. This was accomplished as follows. In the region
where the nonradiative recombination processes are the
dominant ones (i.e., when the PA signal amplitude varies
as f with v= 1.5 and 1.0), Eq. (10) reduces to
with ~,fr=ad[(D/a, ) —I] and a=(mf/a, )' . In Fig. 6
we plot the variable part of the phase angle hP as a func-
tion of the modulation frequency using the values of D
and a, corresponding to a typical PbTe sample, namely,
24 cm /s and 0.015 cm /s, respectively, and for r,it=500
ps. Figure 6 shows that on increasing the modulation
frequency the phase angle initially decreases, reaches a
minimum, and then increases on further increasing the
modulation frequency. The breaking frequency at which
b,P exhibits a minimum corresponds roughly to the point
at which the signal changes from the f ' to the f
behavior. That is, it marks the transition from the bulk
to the surface recombination process as being the dom-
inant mechanism responsible for the PA signal. Further-
more, this transition exhibits an almost linear dependence
on the surface recombination velocity. For the example
shown in Fig. 6, on doubling the surface recombination,
the breaking frequency changed from roughly 45 to 80
Hz. In Fig. 7 we show the variation of the breaking fre-
quency fb as a function of the surface recombination ve-
locity for several values of ~,z. It follows from this figure
that for a small recombination time and large U (as, for in-
stance, in the case of roughened surfaces), the surface
recombination mechanism dominates the PA signal only
in the high modulation-frequency range. Consider the
example shown in Fig. 7 with, say, V=300 cm/s. A sam-
ple with v,&=250 ps will have the surface recombination
process dominating the PA signal only at frequencies
greater than 170 Hz, whereas if ~,6= 1000 ps, the surface
recombination mechanism dominates at frequencies
greater than 69 Hz.
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FICx. 6. Variation of the phase angle b,P, given by Eq. (13), as
a function of the modulation frequency, for a typical PbTe sam-
ple with r,&=500 ps for (a) U = 1000 cm/s and (1) U =2000 cm/s.
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Using Eqs. (12) and (13) for the phase angle together
with the values of D and a, for PbTe given in Table I we
have carried out the PA phase data fitting for both PbTe
samples in the frequency range where the signal is dom-
inated by the nonradiative recombination processes. In
Figs. 8 and 9 we show the OPC signal phase angle as a
function of the modulation frequency for the RS and PS
PbTe samples, respectively. The solid lines in both
figures represent the best fit to the data using Eq. (12) for
the phase angle, leaving U and ~ as fitting parameters.
The results we obtained from the data fitting were
u=2781 cm/s and &=0.38 ps for the PS sample; and
u=3600 cm/s and r=0.38 ps for the RS sample. In par-
ticular, we note that the value of U found for the RS is
roughly 29%%uo larger than that for the PS, while the value
042—
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++0 39 r r I + r r I r r I ~ s i I60 90 I20 ISO I 80 RIO
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FIG. 9. OPC phase angle for the 320-pm-thick PS PbTe sam-
ple vs the modulation frequency. The solid line represents the
data fitting to Eq. (12) of the text.
of ~ remained practically the same for both samples.
These results seem physically reasonable in the sense that
~, being essentially a bulk parameter, should be roughly
the same for both samples. As for the values of U it is
well known in the semiconductor literature that
roughened surfaces have larger surface recombination ve-
locities than do polished surfaces, due to the enhanced
number of recombination states in the former case. Fi-
nally, comparing the phase data shown in Figs. 8 and 9
with the corresponding signal amplitude data shown in
Figs. 2 and 3, respectively, we note that the phase-
breaking frequency corresponds indeed to the frequency
at which the signal amplitude changes its modulation fre-
quency from f ' to f ', as mentioned above.
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FIG. 8. OPC phase angle for the 298-pm-thick RS PbTe
sample vs the modulation frequency. The solid line represents
the data fitting to Eq. (12) of the text.
IV. CONCLUSIONS
In this paper we have carried out a modulation-
frequency investigation of the PA signal of PbTe and Si
in the heat-transmission configuration. This was done us-
ing both the conventional PA cell as well as the recently
proposed OPC geometry. The signal amplitude data
clearly showed that the modulation-frequency scanning
over the thermally thick region can discriminate the
difFerent fast and slow (nonradiative recombination) heat
sources responsible for the PA signal. From the phase
data dependence on the modulation frequency, in the fre-
quency range where the slow heat sources dominate, it
was shown that it is possible to obtain quantitatively the
room-temperature values of important semiconductor pa-
rameters such as the surface recombination velocity and
the nonradiative recombination time. From the experi-
rnental point of view this is an interesting result especially
for the case of lead salt semiconductors, InSb, and heavi-
ly doped semiconductors in general. For these semicon-
ductors the value of ~ at room temperature is particularly
difFicult to measure since the conventional method (e.g. ,
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photoconductivity measurements) leads to no results due
to the large carrier concentration in these materials at
room temperature.
In conclusion, we believe we have demonstrated in this
paper an alternative and simple PA method for measur-
ing both surface recombination velocities and nonradia-
tive band-to-band recombination times in semiconduc-
tors.
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